Abstract Glacial periods are recognized to be dustier than interglacials, but the conditions leading to greater dust mobilization are poorly defined. Here we present a new high-resolution dust record based on 230 He flux from Ocean Drilling Program site 882 in the Subarctic North Pacific covering the last 170,000 years. By analogy with modern relationships, we infer the mechanisms controlling orbital-scale dust storm variability in East Asia. We propose that orbital-scale dust flux variability is the result of an expansion of the dust season into summer, in addition to more intense dust storms during spring and fall. The primary drivers influencing dust flux include summer insolation at subarctic latitudes and variable Siberian alpine glaciation, which together control the cold air reservoir in Siberia. Changes in the extent of the Northern Hemisphere ice sheets may be a secondary control.
Introduction
Eolian dust is a major driving factor in the climate system through its influence on light scattering and absorption [Tegen and Fung, 1994] , cloud properties [Kaufman et al., 2002] , and ice/snow albedo [Painter et al., 2010] . Dust also influences the oceanic carbon cycle by delivering micronutrients like iron [Jickells et al., 2005] . Paleorecords of dust can be used to reconstruct climate conditions in the source regions and atmospheric transport patterns [Nagashima et al., 2007; Serno et al., 2015] .
The East Asian deserts are the second largest global dust source [Ginoux et al., 2004] . Some of these source regions, the Taklimakan desert and deserts in Inner Mongolia (Badain Jaran, Tengger, and Mu Us), are the dominant dust sources for both the Subarctic North Pacific (SNP) [Sun et al., 2001; Serno et al., 2014] and Greenland [Biscaye et al., 1997; Bory et al., 2003] . While the modern processes controlling dust outbreaks in these source regions and atmospheric transport around the Northern Hemisphere (NH) are relatively well understood, much less is known about their orbital-scale variability. This is mainly due to the scarcity of well-resolved records from the SNP covering multiple climatic cycles. Previous studies found cold stadials during the last glacial period to be dustier in East Asia [Porter and An, 1995; Xiao et al., 1999; Nagashima et al., 2007 Nagashima et al., , 2011 , suggesting a link between North Atlantic climate events and East Asian dust storm frequency. However, the exact mechanisms behind dust variability over longer timescales are still uncertain. Because of the importance of dust in the climate system, understanding the factors driving dust flux changes over different timescales provides a benchmark to test models used to predict changes in atmospheric circulation patterns and dust transport and deposition. Here we present a new high-resolution dust flux record for the last 170,000 years from Ocean Drilling Program (ODP) site 882 (50.4°N, 167.6°E, 3244 m water depth) (Figure 1 ). ~180,000 years B.P. (before present to 1950), we tied the ODP 882 Ca/Al record [Jaccard et al., 2005 [Jaccard et al., , 2009 ] to well-dated calcite preservation records from the Subantarctic Atlantic [Peterson and Prell, 1985; Bassinot et al., 1994; Hodell et al., 2001 Hodell et al., , 2003 Sachs and Anderson, 2005; Anderson et al., 2008; Barker and Diz, 2014] (Figures S1 and S2 and Table S1 ).
Our record is based on 230 Th-normalized terrigenous 4 He ( 4 He terr ) flux. Details of the analytical methods [Choi et al., 2001; Fleisher and Anderson, 2003; Francois et al., 2004; Winckler et al., 2005; Serno et al., 2014] and the particle-size distribution [McGee et al., 2013; Bista et al., 2016] are provided in Text S2. High 4 He concentrations in dust and negligible concentrations in volcanics make 4 He terr a particularly useful dust proxy for the SNP where large lithogenic inputs other than dust (e.g., volcanics) contribute to sediments [Patterson et al., 1999; Winckler et al., 2008; Serno et al., 2014 Serno et al., , 2015 . Variability in 4 He terr flux at ODP site 882 represents changes in East Asian dust storm activity and dust transport to the SNP (see Text S3 and Figures S3 and S4 for more information [Jaccard et al., 2005 [Jaccard et al., , 2009 [Jaccard et al., , 2010 Serno et al., 2014; McGee et al., 2016] (Figures 2a and 2b ), including the last and penultimate glacial maxima (Marine Isotope Stages, MIS 2 and MIS 6, respectively), as well as dust peaks (>900 mg/cm 2 /kyr) during MIS 4 and MIS 5d. Lowest dust fluxes (<400 mg/cm 2 /kyr) characterize the last and present interglacial, MIS 5e and MIS 1, respectively, and MIS 5a and MIS 5c. MIS 3 shows dust fluxes only slightly lower than MIS 2. Acknowledging potential uncertainties related to the wide range of East Asian dust endmember 4 He terr concentrations (Text S3 and Figure S3 ), providing these dust flux estimates in addition to the 4 He terr fluxes, facilitates comparisons to other studies. Note that the minimal values in MIS 1 agree well with other observational and modeling studies [Albani et al., 2015; Kienast et al., 2016] .
The most distinct features of the dust flux record are the large dust peaks during MIS 4 and MIS 5d, with dust fluxes~1.5 to 2 times higher than during MIS 2 and MIS 6, which are similar to one another. The majority of published dust flux records from the SNP and the Chinese Loess Plateau (CLP) near the East Asian dust [Bowler et al., 1987; An et al., 1991 An et al., , 2014 Beer et al., 1993; Xiao et al., 1999; Porter, 2001; Kohfeld and Harrison, 2003; Sun et al., 2003 Sun et al., , 2006 Sun et al., , 2008 Stevens et al., 2006 Stevens et al., , 2013 Chen et al., 2007; Jiang et al., 2007; Prins et al., 2007; Maher et al., 2009; Stevens and Lu, 2009; Hao et al., 2010; Qiang et al., 2010; Kapp et al., 2011; Pullen et al., 2011; Yang et al., 2014; Kang et al., 2015; Niu et al., 2015; Li et al., 2016; Licht et al., 2016] .
However, no study observed a pronounced dust flux maximum during MIS 5d. The SNP records rather show high dust accumulation rates during MIS 5e and MIS 5c [Hovan et al., 1991] or MIS 5c to MIS 5b [Kawahata et al., 2000] . Similarly, a record of dust concentrations from the western SNP, based on trace element concentrations in marine sediments and endmember values in Chinese loess and Kurile-Kamchatka volcanics, shows a prominent dust concentration peak during MIS 5c [Shigemitsu et al., 2007] . All existing records from the SNP may be prone to large uncertainties in their eolian dust reconstructions due to age model uncertainties, poor or missing characterization of mass accumulation rates, and uncertainties in their discrimination of eolian dust from the total lithogenic fraction in the sediments. It seems plausible that minor adjustments to the age models of published dust flux records by up to 10,000 years due to age model uncertainties, in addition to the consideration of potential uncertainties in the reconstructed dust fluxes, would make the different records consistent and cause them to show a very similar variability during the last 170,000 years ( Figure 2 ).
Potential Driving Factors for Dust Flux Changes in the Subarctic North Pacific
The observed dust flux changes at ODP 882 may be the result of different factors: changes in (a) East Asian dust storm seasonality, (b) dust transport, or (c) size of the dust source areas. We do not expect the ODP 882 record to reflect shifts in the spatial pattern of dust deposition in the SNP for two reasons: First, the modern spatial dust pattern in the SNP is fairly uniform [Serno et al., 2014] , so dust flux at ODP 882 is not expected to be sensitive to a large-scale shift of the dust plume. Second, more intense dust mobilization in East Asia should result in a more southerly location of the westerly core zone over a longer period of the year (section 3.3). Therefore, higher dust mobilization in East Asia during MIS 5d should result in higher dust fluxes in the southern compared to the northern SNP, opposite to the observed trend in SNP records ( Figure 2 ). Consequently, we exclude shifts in the pattern of dust deposition to explain ODP 882 dust flux variability. [Hovan et al., 1991] . Gray bars represent the timing of cold intervals, MIS 2, MIS 4, MIS 5b, MIS 5d, and MIS 6.
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deserts are observed during dustier time intervals of the last glacial period [e.g., Chen and Bowler, 1986; Ma et al., 2004; Yang et al., 2011] . In particular, several lakes from near the Taklimakan desert show high lake stands during MIS 2 and MIS 4 and high dust periods in ODP 882 [Ma et al., 2004] . Consequently, we exclude dust source expansion as a driving factor for dust flux variability observed at ODP site 882 and focus on the influence of changes in dust storm seasonality.
Modern Processes Controlling Seasonal Dust Storm Changes in East Asia
Knowledge of the modern processes controlling seasonal dust storms provides a basis for interpreting past dust flux variability. We follow the argumentation of Roe [2009] to discuss the modern dust storm seasonality in East Asia. Today, climatological data demonstrate that East Asian dust outbreaks are almost exclusively springtime phenomena [e.g., Qian et al., 2002; Kurosaki and Mikami, 2005] , when the increasing meridional temperature gradient between low and high latitudes and cyclogenesis lead to conditions that intensify dust storm activity [Roe, 2009] . 3.3.1. Winter During wintertime, the middle-to-upper tropospheric horizontal westerly jet is displaced to the south of the Tibetan Plateau [Hoskins and Hodges, 2002; Schiemann et al., 2009] , and due to a persistent Siberian highpressure system, there is an almost complete absence of dust-mobilizing cyclogenesis in East Asia.
Spring
During spring, Siberia is still covered in snow and remains cold, while subtropical landmasses warm up quickly. The Siberian High is much weaker, resulting in the atmosphere being less stable to vertical displacement [Roe, 2009] . The region of strongest horizontal westerly wind spreads farther northward over the Tibetan Plateau compared to winter, although its core axis remains in its wintertime position south of the Tibetan Plateau [Schiemann et al., 2009] . These two factors result in higher interaction of the upper level waves, propagating with the westerly jet, with the land surface to produce cyclones in the desert regions [Roe, 2009] .
During the synoptic development of midlatitude storms, the cold air residing in Siberia is advected southeastward over the deserts [Roe, 2009] (Figure 1 ). The intense temperature gradients across these fronts, a result of the strong meridional temperature gradient, produce significant vertical wind displacements that draw strong winds close to the land surface. Furthermore, the enhanced vertical wind shear and mixing produce near-surface convection that leads to strong surface wind gusts during the passage of these cold frontal systems [e.g., Wallace and Hobbs, 2006; Roe, 2009] . The wind gusts lift dust above 5000 m altitude where the dust is transported around the NH by the prevailing westerly jet [Sun et al., 2001] . In addition to cold fronts, mountain airflow dynamics may also play a role in the generation of dust storms in this region, with atmospheric flow over and past the high topography stretching vertical air masses and imparting a curvature to the circulation that tends to favor cyclone development [Roe, 2009] .
Summer
The Siberian High is absent during summer, and the subarctic latitudes are warmer compared to spring, which leads to a reduced meridional temperature gradient and unfavorable conditions for wind gustiness in the desert regions [Roe, 2009] . Higher precipitation in central China associated with the East Asian Summer Monsoon (EASM) [Sampe and Xie, 2010] likely suppresses dust mobilization further.
Fall
The Siberian High is just slightly stronger during fall compared to spring, and the meridional temperature gradient is similar [Roe, 2009] . However, the location of the coldest air mass is displaced eastward of the dust source regions during fall compared to spring, driven by differences in sea ice extent in the Barents Sea, which influences snow cover and temperatures in Siberia. This results in less intense dust mobilization during fall compared to spring [Roe, 2009] .
Influence of Seasonal Insolation Changes
We hypothesize that the orbital-scale changes in dust flux in the SNP may be explained by changes in dust storm seasonality in East Asia. As discussed in section 3.3, modern East Asian dust seasonality, with a majority of dust storms occurring during spring, is driven by seasonal changes in the meridional temperature gradient and cyclogenesis. Sufficiently reliable paleotemperature records from subarctic and subtropical latitudes in East Asia covering the time interval of interest are not yet available to reconstruct temperature gradients that would have been favorable to cyclogenesis (see Text S5 and Figure S5 Geophysical Research Letters (Figures 3b-3d ).
Furthermore, snow and ice buildup during the winter is expected to cause unfavorable conditions for dust storms, as discussed in section 3.5. Consequently, we conclude that insolation-induced winter temperature changes in Siberia are rather small and are unlikely to influence the temperature gradient during this season over orbital timescales.
Spring and Fall
The 65°N spring and fall insolation data show patterns that are not well correlated with the ODP 882 dust record (R = À0.32 and 0.32 for spring and fall, respectively; Figures 3a, 3d, and 3e). The timing of extrema in spring and fall insolation does not match the dust record. For example, maxima in fall insolation precede peak dust fluxes in MIS 4 and MIS 5d, whereas minima occur after peak dust flux. This indicates that changes in subarctic spring and fall insolation and their effects on the dust storm frequency in East Asia cannot explain the dust flux pattern observed at ODP 882. [Cheng et al., 2016] . (g) Global mean sea level stack, scaled to a value of 0 m at 5 kyr B.P. [Spratt and Lisiecki, 2016] . The stacked curve is the PC1 from a principal component analysis on seven global records for a 430-0 kyr window, explaining 83% of the data variance. The thin lines represent the standard deviations of high and low stand estimates across the records. Gray bars represent the cold intervals MIS 2, MIS 4, MIS 5b, MIS 5d, and MIS 6. Figures 3a and 3b). The intervals of highest dust flux, MIS 4 and MIS 5d, are characterized by lowest mean subarctic summer insolation during the last 170,000 years. The other periods of high dust flux, MIS 2, MIS 5b, and MIS 6, also show low summer insolation, although not as low as MIS 4 and MIS 5d. The intervals characterized by lowest 4 He terr fluxes, MIS 1 and MIS 5e, fall into periods of high summer insolation. Similarly, high subarctic summer insolation during MIS 5a and MIS 5c correlates with relatively low dust fluxes. Therefore, the observed variability in 4 He terr flux and 65°N summer insolation suggests an inverse relationship between subarctic summer insolation and dust storm activity in East Asia.
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Based on the comparison between ODP 882 dust flux and seasonal insolation, we propose that the main features in the dust flux record over orbital timescales, in particular the maxima during MIS 4 and MIS 5d, and minima during MIS 1 and MIS 5e, are mainly driven by summer insolation at subarctic latitudes. Low summer temperatures associated with low summer insolation allow a more intense reservoir of cold air in Siberia during a greater fraction of the year. By analogy with modern conditions, extending the presence of cold air in Siberia from spring into summer would lengthen the interval with meridional temperature gradients and spatial horizontal westerly wind positioning favorable to cyclogenesis, thereby extending the period of dust storm activity.
Our hypothesis of a significant influence of subarctic summer insolation on the meridional summer temperature gradient and thus dust storm frequency in East Asia is supported by the well-dated and highly resolved speleothem oxygen isotope (δ 18 O) records. The record from Kesang Cave, located to the northwest of the Taklimakan desert, indicates that changes in summer rainfall δ 18 O are controlled by changes in 65°N summer insolation [Cheng et al., 2012] . Furthermore, the intensity of summer rainfall reconstructed from eastern Chinese cave records primarily follows changes in subarctic summer insolation [e.g., Wang et al., 2008; Cheng et al., 2009 Cheng et al., , 2016 Jiang et al., 2016] (Figure 3f ). The findings from the cave records have been interpreted to be the result of shifting summertime boundaries between the horizontal westerly wind jet and EASM. A prolonged dust season from spring into summer therefore would be driven by the same climatic factors influencing the intensity and spatial changes in summer rainfall in central and eastern China.
Influence of Changes in the Siberian Alpine Glaciation
We also have to consider factors other than insolation that can drive changes in the temperature distribution in East Asia. Extensive alpine glaciation in Siberia has been reconstructed for MIS 4 and MIS 5d, using geomorphological and chronological evidence in northeast Russia [e.g., Stauch and Gualtieri, 2008; Krinner et al., 2011; Zech et al., 2011; Barr and Clark, 2012] and lithological and biogeochemical evidence from Lake Baikal sediments [Karabanov et al., 1998; Prokopenko et al., 2002] . A rather small alpine glacial advance has been reconstructed for MIS 2. The gradual decrease in the Siberian alpine glacier mass during the cold intervals over the last 170,000 years has been explained by changes in subarctic summer temperatures. These temperature changes were driven by subarctic summer insolation and changes in the moisture supply from the ice-free areas of the North Atlantic and Arctic Sea due to the moisture-blocking effect of the Fennoscandian Ice Sheet (FIS), which is thought to have become gradually more extensive from MIS 5d to MIS 2 [Svendsen et al., 2004] . The presence of extensive alpine glaciers in Siberia during MIS 4 and MIS 5d may have provided a more intense year-round cold air reservoir as a source for cold surges. If so, the further intensification of the Siberian cold air reservoir during the entire year may have resulted in stronger dust storm events during spring, summer, and fall.
It is thought that the intensity of the Siberian High is influenced by diabatic heating anomalies associated with the underlying snow cover in addition to radiative forcing [Foster et al., 1983; Sahsamanoglou et al., 1991; Clark and Serreze, 2000] . Therefore, a larger snow cover in Siberia as a result of more extensive alpine glaciation during MIS 4 and MIS 5d may have resulted in colder air temperatures and a strengthened highpressure system during wintertime [Clark and Serreze, 2000] , leading to suppressed winter dust mobilization.
Influence of the Northern Hemisphere Ice Sheet Variability
The above mentioned mechanisms describe climate conditions that can explain the main features in orbitalscale dust storm variability as inferred from ODP 882. However, they are not sufficient to explain why dust flux during MIS 5b was lower than during MIS 2 and MIS 6, when all three periods were characterized by similar
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subarctic summer insolation (Figures 3a and 3b) . Similarly, our proposed mechanisms cannot explain the relatively high dust fluxes during MIS 3, an interval with higher subarctic summer insolation and less intense Siberian glaciation. The observed changes in dust fluxes, which increase from MIS 5b to MIS 3 but are similar during MIS 2 and MIS 6, are consistent with the reconstructed ice volume of the Laurentide Ice Sheet, with a rather small extent during MIS 5 and largest ice volumes during MIS 2 and MIS 4 and continuously large volumes during MIS 3 [Marshall et al., 2002; Kleman et al., 2010] . A similar development with increasing volumes over the course of the last glacial period was suggested for the FIS [Svendsen et al., 2004] .
We use changes in global sea level during the last glacial period (Figure 3g ) to reflect the variable extent of the large NH ice sheets [e.g., Waelbroeck et al., 2002; Siddall et al., 2003; Spratt and Lisiecki, 2016] . The relative differences in dust flux between MIS 2, MIS 3, MIS 5b, and MIS 6 described above can be explained by changes in the extent of the large NH ice sheets. This was probably through the ice sheet's influence on atmospheric circulation patterns, sea surface temperatures, and sea ice extent in the North Atlantic and Arctic Oceans [Ganopolski et al., 1998; Clark et al., 1999] . All three factors influence temperature gradients and wind patterns throughout the NH, resulting in the ice sheets indirectly regulating climate conditions in East Asia.
Conclusions
The dust flux data shown here represent the first high-resolution record from the Subarctic North Pacific that combines 4 He terr geochemical fingerprinting of eolian dust with 230 Th normalization to estimate reliable dust fluxes during the last 170,000 years. Our results provide a new crucial benchmark to better constrain the factors regulating dust variability in East Asia. This will be essential to interpret changes in atmospheric circulation when comparing dust flux records from along the transport path of East Asian dust around the Northern Hemisphere.
Over the duration of our 170,000 year record, the supply of dust accumulating in the Subarctic North Pacific is anticorrelated with subarctic summer insolation. The intervals of highest dust flux, during MIS 4 and MIS 5d, coincide with lowest mean subarctic summer insolation. We hypothesize that orbital-scale dust flux variability at ODP site 882 is driven by changes in the length of the dust season in East Asia, in addition to more intense dust storms during spring and fall, compared to today when dust outbreaks in East Asia are almost exclusively springtime phenomena. We postulate that changes in the subarctic summer insolation and variable Siberian alpine glaciation are the driving factors influencing dust storm activity in East Asia. Future research should therefore assess the role of dust season length on dust flux variability and the influence of changes in ice sheets, Siberian alpine glaciation, and insolation variations. This could be achieved by using general circulation model (GCM) simulations with separate experiments assessing variations in ice sheets and insolation. Experiments such as these would be particularly relevant for MIS 5d, which shows large differences in dust flux reconstructions from different records. However, as pointed out by Roe [2009] , global climate models lack sufficient spatial resolution to represent cold fronts and may not be adequate to capture the process of lee cyclogenesis. New model simulations will be required to test our data-based hypothesis of dust season expansion as a driving factor for dust flux. The lack of reliable East Asian paleotemperature records covering different seasons during the last glacial period further limits our understanding of temporal changes in meridional temperature gradients as a driver of East Asian dust storm seasonality. The paleoclimate community should aim to produce high-resolution temperature records for different seasons across East Asia to better understand orbital-scale changes in the seasonal evolution of the meridional temperature gradient in this region.
